Am ild procedure for the oxidative CÀCc ross-coupling of tertiary anilines with phenols is described which provides the products generallyi nh igh yields and with excellent selectivity.T he reaction is catalyzed by the hexadeca-fluorinated iron-phthalocyanine complex FePcF 16 in the presence of substoichiometric amountso fm ethanesulfonic acid and ambient air as sole oxidant.
Introduction
The development of transition metal-catalyzed cross-coupling reactions represents au seful and powerful tool for CÀCb ond formation. While noble metals have been used as catalysts for classical cross-couplingr eactions (e.g.,H eck, Negishi, Suzuki-Miyaura), [1] first-row transitions metalsh ave been extensively studied over the past two decades due to their low cost, large abundance in the earth's crust and lower toxicity. [2] Thus for economic and ecological reasons, iron-catalyzed organic transformationsh ave received most attention in recent years. [3] Moreover,t he pre-functionalized substrates required for classical cross-couplingr eactions lead to al ow atom economy and the formation of by-products as unavoidable drawbacks.O xidative (or dehydrogenative) cross-couplingr eactions for CÀC bond formation by activation of two CÀHb onds are ah ighly useful synthetic alternative and represent ap erfect example of ag reen and economical chemical process. [4, 5] However,m ost of the iron-catalyzedo xidativec oupling reactions requirep eroxides, [6] [7] [8] peracids, [9] or quinones [10] as stoichiometric oxidants to re-oxidize iron(II) to iron(III). Reactions using molecular oxygen or air as sole oxidanth ave rarely been explored. [11, 12] resulting from stoichiometric amountso fastrong oxidant (e.g., peroxide). [6] [7] [8] Recently,w eh ave developed an iron-catalyzed oxidative homocoupling by using the hexadecafluorinated iron-phthalocyanine complex FePcF 16 as catalyst ( Figure 1 ) and air as re-oxidant. [14] This reactionh as been applied to the homocoupling of diarylamines and 1-and 2-hydroxycarbazoles. [14, 15] In contrastt om osto f the alternative iron-catalyzed oxidative cross-coupling reactions, [6] [7] [8] [9] [10] our procedure is using ambient air as sole oxidant.
Biaryl compounds represent key structural motifs in many biologically active natural products and pharmaceutical compounds and therefore, diverse methods for their synthesis have been established. [16] Herein, we report am ild and efficient synthesis of unsymmetrical biaryl compounds by an iron-catalyzed oxidative cross-coupling of tertiary anilines and hydroxyarenes in the presence of air.
Results and Discussion
The oxidative homocoupling of diarylamines and hydroxycarbazoles has been achieved under mild reaction conditions and in high yields with catalytic amountso fi ron(II)-hexadecafluorophthalocyanine (FePcF 16 ) [14, 17] in the presence of methanesulfonic acid or acetic acid anda mbient air as final oxidant. [14, 15] Oxidativec ross-coupling reactions with iron-phthalocyanine (FePc) or iron-porphyrin complexes as catalysts have been reported previously. [18, 19] However,ino rder to regenerate the catalytically active iron(III) complex, an oxidant( e.g.,p eroxide) had to be added in stoichiometrica mounts. [8c, d] Based on our previouss tudies, [14, 15, 20] we envisaged to developa ni ron-catalyzed cross-coupling of anilines with phenolsb yu sing air as sole oxidant. Moreover,w ew anted to avoid the need for a transientc onnection between the two reactants for cross-coupling. [21] According to previous reports, [7, 13, 14, 22] we hypothesized that the homocoupling of anilines could be suppressed by substituents causingasteric hindrance at the amino group. Reactiono faradical cation generated by SET oxidation of a tertiarya niline with as terically less hindered phenol should preferentially form aC ÀCb ond either via radical or electrophilic aromatic substitution (Scheme 2). As econd SET and final proton loss with concomitantr e-aromatization would lead to the cross-coupling product. Thus, we selected N,N-dimethyl-p-toluidine (1a)a nd 2-naphthol (2a)a sm odel system for optimizing the reactionc onditions of the iron-catalyzed oxidative cross-coupling. Various temperatures and iron catalysts have been tested for the reaction of 1a with two equivalents of 2a in dichloromethane under air (Table 1 ). Using catalytic amounts (1 mol %) of FePcF 16 and substoichiometric amounts(40 mol %) of methanesulfonica cid as additive at room temperature afforded the cross-coupling product 3a in 64 %y ield along with the homo-coupling product 1,1'-binaphthyl-2,2'-diol (BINOL) (4a) [23] in 9% yield (entry 1). The structure of 3a was confirmed by an X-ray analysis( Figure 2 ). Variation of the reactiont emperature (entries 2a nd 3) showed that the cross-coupling reaction proceeds even better at 0 8Ca nd provides the biaryl compound 3a in 84 %y ield. [7a] In the following, we have performed several blank experiments in order to support our hypothesis of an iron(III)-catalyzed oxidative couplingw hich is promoted by the Brønsted acid additive. Reaction in the absence of iron catalyst gave no product at all (entry 4). The same result was obtained when the reactionw as performed in the presence of 1mol % of FePcF 16 but under argon insteado fa ir (entry 5). These experiments confirm that FePcF 16 as well as its oxidation by air to Scheme2.Proposed mechanism for the iron-catalyzedo xidative cross-coupling of tertiaryanilines and phenols. [c] 0F ePcF 16 --6 [d] 0F ePcF 16 the m-oxo-diiron(III) complex are essential for the catalytic [Fe III ]/[Fe II ]c ycle leading to the oxidative biaryl coupling. [14, [18] [19] [20] The iron-catalyzed oxidative cross-couplingi nt he absence of methanesulfonic acidr esulted in as ignificantly lower yield (17 %) of the biaryl compound 3a (entry 6) and an excess of a weaker acid (acetic acid) as additive led to 3a in only 37 % yield (entry 7).
The unsubstituted iron(II)-phthalocyanine complex (FePc) afforded the cross-coupling product 3a in 66 %y ield (entry 8), whereas other iron complexes led to either low yields of 3a (entries [9] [10] [11] or no product formation at all (entries [12] [13] [14] [15] [16] [17] . The presentr esults confirmp revious findings that FePcF 16 has ah ighera ctivity compared to the parentc omplex FePc which is ascribed to the electronic effect of the fluorine atoms. [14, 20, 24] It is noteworthy that by using the tetrasulfonato-substituted iron-phthalocyanine complex as catalyst, the oxidative crosscoupling to 3a could successfully be achieved in water as solvent (entry 10), albeit yet in low yield (20 %) .
Using the optimized reaction conditions, we have studied the synthetic scope of this cross-coupling reaction between varioust ertiarya rylamines 1 and hydroxyarenes 2 (Table2). As the simple monocyclic phenols we have tested gave no crosscoupling products, we focused on polycyclic hydroxyarenes as substrates. The iron-catalyzed oxidative coupling of N,N-dimethyl-p-toluidine (1a)w ith the substituted 2-naphthols 2a-d provided selectively the correspondingc ross-coupling products 3a-d in 64-87 %y ield. Interestingly,h omocoupling of the 2-naphthols was observed only for the parent compound 2a. The results emphasize the functional group tolerance of this reaction. The cross-coupling of 2-hydroxydibenzofuran (2e) with 1a appeared to be more difficult and afforded compound 3e only in 42 %y ield. Thes tructure of the 1-aryl-coupled dibenzofuran-2-ol 3e,w hich was reported to show anti-TB activitya nd previously obtained as ar ed liquid, [7b] was confirmed by an X-ray analysis (Figure 3 ). The iron-catalyzed crosscoupling of ar ange of tertiarya nilines 1 with 2-naphthols 2 proceeded well and led to the corresponding products 3f-j in high yields (65-88 %). Whereas the reactionb etween p-chloro-N,N-dimethylaniline and 2-naphthol (2a)a fforded the coupling product 3k only in moderate yield. The meta-silyloxy-substituted N,N-dimethylaniline (5)i sv ery electron-rich and highly reactivea tt he positions ortho/para to the dimethylamino group (Scheme 3). Thus, the iron-catalyzed reactionl ed to an oxidative coupling of two molecules of 5 at their sterically least hindered reactive position( C-6) with C-1 of 2-naphthol (2a)a nd provided compound 6 by dearomatization of one benzo ring.
The application of our iron-catalyzed CÀCc ross-coupling to the reaction of 2-(dimethylamino)naphthalene (7)w ith 2a provided N,N-dimethyl-NOBIN( 2-dimethylamino-2'-hydroxy-1,1'-binaphthyl) (8)( Scheme4). [25] Compound 8 was obtainedi n6 2% yield and confirmed by an X-ray crystal structure determination (Figure 4) . NOBINd erivatives were shown to be highly useful as axially chiral biaryl ligands in asymmetricc atalysis and effi-cient routes for their synthesis are still being searched. [25, 26] Remarkably,t his reactiona fforded the CÀOc ross-coupledc ompound 9 as ab y-product, thus indicating that ethers may be accessible by iron-catalyzed CÀOc ross-coupling reactions using air as oxidant.
Conclusions
We have developed an efficient and environmentally friendly method for the synthesis of unsymmetrical biaryl compounds by iron-catalyzed oxidativec ross-coupling of tertiary anilines and hydroxyarenes. Our procedure requires 1-2 mol %o ft he hexadecafluorinatedi ron-phthalocyanine complex FePcF 16 as catalyst, substoichiometric amounts of methanesulfonic acid as additive, and air as the sole oxidant. The unsymmetrical biaryls are obtained with excellent selectivity.F urther studies of this process and applicationsare in progress.
Experimental Section
General methods:A ll iron-catalyzed reactions were performed with non-dried solvents in an atmosphere of air unless stated otherwise. All other reactions were performed in oven-dried glassware with dry solvents. Dichloromethane and THF were dried by using a solvent-purification system (MBraun-SPS). Chemicals were used as received from commercial sources. Reaction mixtures were cooled by using aL auda Compact Pl 1c ryostat. Automated flash column chromatography was performed with silica gel (Acros Organics; 0.035-0.070 mm) on aB üchi Sepacore system equipped with an UV monitor.T LC analysis was performed on TLC plates from Merck (60 F254) with UV light for visualization. Melting points were measured on aG allenkamp MPD 350 melting-point apparatus. UV spectra were recorded on aP erkinElmer 25 UV/Vis spectrometer. Fluorescence spectra were measured on aV arian Cary Eclipse spectrophotometer.W avelengths are reported in nm. IR spectra were recorded on aT hermo Nicolet Avatar 360 FTIR spectrometer using the attenuated total reflectance (ATR) method. Wavenumbers are reported in cm À1 .N MR spectra were recorded on Bruker DRX 500 and Avance III 600 spectrometers. Chemical shifts d are reported in ppm with the solvent signal as an internal standard. The following abbreviations have been used:s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, spt = septet, m = multiplet, and br = broad. EI mass spectra were recorded by GC-MS coupling on an Agilent Te chnologies 6890 NG Cs ystem equipped with a5 973 mass-selective detector (70 eV). ESI mass spectra were recorded on aB ruker Esquire LC mass spectrometer with an ion-trap detector. Positive and negative ions were detected. ESI-HRMS were recorded on aW aters Xevo G2-XS QTOF mass spectrometer.Elemental analyses were measured on aE uroVector EuroEA3000 elemental analyzer.W eight portions are given in percent. X-ray crystal structure analyses were performed with aB ruker Kappa Apex II CCD X-ray diffractometer equipped with a7 00 series Cryostream low temperature device from Oxford Cryosystems. SHELXS-97, [27] SADABS version 2.10, [28] SHELXL-97, [29] POV-Ray for Windows version 3.7.0.msvc10.win64, and ORTEP-3 for Windows [30] were used as software. 2-Acetyldibenzofuran: [7b] As olution of dibenzofuran (3.11g, 18.5 mmol) in chloroform (30 mL) was added over ap eriod of 10 min via as yringe pump to am ixture of aluminum trichloride (2.99 g, 22.4 mmol) and freshly distilled acetyl chloride (1.6 mL, 1.8 g, 23 mmol) in chloroform (30 mL) at room temperature under Scheme3.Iron-catalyzedo xidativecross-coupling of 2-naphthol (2a)w ith N,N-dimethyl-3-(triisopropylsilyloxy)aniline (5) . Reaction conditions: CH 2 Cl 2 , air,08C, 24 h; 6:37%, 4a:1 9% yield.
Scheme4.Iron-catalyzedo xidativecross-coupling of 2-naphthol (2a)w ith 2-(dimethylamino)naphthalene (7). Reactionconditions:CH 2 Cl 2 ,air,08C, 24 h; 8:62%, 9:1 1%, 4a:20% yield. argon. After 45 min of stirring, the reaction mixture was poured into amixture of ice water (100 mL) and 1 n HCl (50 mL). The aqueous layer was extracted three times with dichloromethane. The combined organic layers were dried over MgSO 4 and the solvent was removed in vacuo. Purification of the crude product by column chromatography on silica gel with isohexane/ethyl acetate (10:1) afforded 2-acetyldibenzofuran (3.47 g, 16.5 mmol, 89 3319, 3061, 3041, 2991, 2962, 2912, 2056, 2030, 2009, 1907, 1844, 1794, 1772, 1735, 1717, 1699, 1667, 1633, 1583, 1553, 1488, 1476, 1453, 1421, 1364, 1345, 1327, 1304, 1278, 1215, 1199, 1185, 1119, 1103, 1064, 1022, 955, 907, 893, 871, 841, 820, 769, 748, 729, 711, 652, 632 cm (2 e): [7b] Trifluoroacetic acid (1.8 mL, 2.7 g, 23 mmol) and then m-chloroperoxybenzoic acid (2.49 g, 14.4 mmol) were slowly added to as olution of 2-acetyldibenzofuran (1.16 g, 5.52 mmol) in dry dichloromethane (20 mL) at 0 8C. The reaction mixture was stirred at room temperature for 3d ays and quenched with as at. solution of aqueous iron(II) sulfate. The aqueous layer was extracted three times with dichloromethane. The combined organic layers were washed with as at. aqueous solution of Na 2 CO 3 ,t hen with water and dried over MgSO 4 .A fter evaporation of the solvent, the crude product was suspended in MeOH (25 mL) and sodium methoxide (1.26 g, 23.2 mmol) was added. The mixture was stirred at room temperature for 1h and quenched with 2 n HCl (15 mL). The aqueous layer was extracted three times with dichloromethane, the combined organic layers were dried over MgSO 4 ,a nd the solvent was removed in vacuo. Purification of the crude product by column chromatography on silica gel with isohexane/ethyl acetate (10:1) provided 2-hydroxydibenzofuran (2e)( 779 mg, 4.23 mmol, 77 %o ver two steps) as ac olorless solid. M.p. 129 8C; UV (MeOH): l = 236, 242, 252, 290, 308 nm;f luorescence (MeOH): l ex = 252 nm, l em = 354 nm;I R( ATR):ṽ = 3193 (br), 3061, 3035, 2011, 1974, 1934, 1894, 1845, 1740, 1635, 1598, 1574, 1475, 1440, 1420, 1397, 1361, 1332, 1306, 1279, 1210, 1188, 1165, 1148, 1117, 1100, 1015, 933, 898, 867, 840, 798, 740, 717, 621 cm 1-(4-Tolyl)pyrrolidine :1 , 2.20 mmol) was added to am ixture of K 2 CO 3 (692 mg, 5.01 mmol) and paratoluidine (214 mg, 2.00 mmol) in anhydrous DMF (10 mL) and the reaction mixture was heated to 80 8Cf or 24 hu nder argon. Subsequently,t he reaction mixture was cooled to room temperature and diluted with ethyl acetate and water.T he layers were separated and the organic layer was extracted three times with 1 n HCl. The aqueous layers were combined, adjusted to pH 8w ith 1 n NaOH, and then extracted three times with ethyl acetate. The combined organic layers were washed with brine and dried over MgSO 4 . Evaporation of the solvent in vacuo and purification of the crude product by column chromatography on silica gel with isohexane/ ethyl acetate (20:1) afforded 1-(4-tolyl)pyrrolidine (251 mg, 1.56 mmol, 78 %) as ap ale yellow solid. 1 1-(4-Tolyl)piperidine and 4-(4-tolyl)morpholine (by adaptation of al iterature procedure [32] ): Am ixture of 4-bromotoluene (180 mg, 1.05 mmol), piperidine (86.1 mg, 1.01 mmol) or morpholine (87.2 mg, 1.00 mmol), Pd(OAc) 2 (2.7 mg, 12 mmol), RuPhos (9.5 mg, 20 mmol), and powdered NaOtBu (124 mg, 1.29 mmol) was stirred at 110 8Co vernight. After cooling to room temperature, the mixture was dissolved in CH 2 Cl 2 /H 2 O( 1:1), and the aqueous layer was extracted twice with CH 2 Cl 2 (5 mL). The combined organic layers were dried over MgSO 4 ,t he solvent was evaporated in vacuo, and the crude product was purified by column chromatography on silica gel with isohexane/ethyl acetate (20:1). (7):A queous formaldehyde (37 %, 12.2 mL, 4.92 g, 164 mmol) was slowly added to asolution of p-anisidine (1.28 g, 10.4 mmol) or p-chloroaniline (1.32 g, 10.4 mmol) or naphthalen-2-amine (1.49 g, 10.4 mmol) in dry THF (110 mL) and the solution was stirred at room temperature. After 15 min, sodium cyanoborohydride (4.63 g, 73.7 mmol) was added and the mixture was stirred at room temperature for 15 min. Subsequently,a cetic acid (1.7 mL) was added dropwise while keeping the reaction at room temperature. The reaction mixture was stirred at room temperature for 2-4 hu ntil all starting material was consumed as indicated by TLC and quenched with 2 n NaOH (pH > 7). The mixture was extracted three times with ethyl acetate and the combined organic layers were dried over MgSO 4 .A fter evaporation of the solvent in vacuo, the crude product was purified by column chromatography on silica gel with isohexane/ethyl acetate (gradient elution from 15:1 to 10:1). 3071, 3038, 2993 , 2884 , 2831 , 2798 , 1851 , 1574 , 1539 , 1513 , 1441 , 1341 , 1300 , 1244 , 1225 , 1180 , 1129 , 1064 , 1034 , Chem. Eur.J.2020 , 26,2499 -2508 www.chemeurj.org 
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